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HIGHLIGHTS 


►  A  new  approach  to  mitigate  methanol  crossover  has  been  proposed. 

►  A  layer  of  Pt35— Ru65  with  a  thickness  of  87.5  nm  deposited  on  Nation  acts  as  a  methanol  barrier. 

►  MEA  with  self-assembled  Pt35— Ru6s  layers  suppresses  methanol  crossover  by  22%  and  improves  power  density  by  48%  (at  0.30V)  at  80  °C. 

►  Catalytic  reaction,  microstructure  and  low  methanol  permeability  of  self-assembly  layers  affect  methanol  crossover. 
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In  this  paper,  5  bi-layers  of  poly  (allylamine  hydrochloride)  (PAH)/polystyrene  sulfonic  acid  sodium  salt 
(PSS)  containing  Pt35— RU65  catalyst  are  self-assembled  on  the  Nation  membrane  surface  through  the 
layer-by-layer  technique  to  mitigate  methanol  crossover.  This  composite  Nation  membrane  coated  with 
Pt35— Ru65  catalyst  with  loading  of  0.46  pg  cm-2  and  layer  thickness  of  87.5  nm  on  both  surfaces 
suppresses  the  methanol  crossover  by  22%  (on  average),  improves  the  power  density  by  48%  (@0.30  V) 
and  the  potential  by  22%  (@62.5  mA  cm-2)  at  80  °C.  The  Pt35-Ru65  catalyst  in  the  PAH/PSS  bi-layers 
serves  multiple  roles  at  the  same  time  —  a  catalytically  active  layer,  a  methanol  barrier  and  an  elec¬ 
trode.  In  addition,  the  PAH/PSS  bi-layers  also  acts  as  a  methanol  barrier.  These  roles  contribute  to  the 
suppression  of  methanol  crossover  and  improvement  of  the  output  performance.  Compared  with  Pt— Ru 
directly  deposited  on  Nafion  surface,  the  deposition  of  Pt3s— RU65  in  this  study  has  less  negative  impact 
on  the  cell  performance  because  1 )  lesser  and  thinner  deposited  Pt35-Ru65  is  used,  2)  the  Pt35-Ru65  layer 
deposited  on  the  additional  PAH/PSS  bi-layers  does  not  reduce  the  proton  conductivity  of  Nafion 
membrane. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  are  attractive  in  portable  and 
transportation  applications  due  to  its  high  energy  density  and 
simple  system  design  [1—3].  However,  two  major  challenges  should 
be  addressed  to  increase  the  efficiency  of  DMFC  before  the  tech¬ 
nology  can  become  commercially  viable  [4-6].  The  first  challenge 
is  on  developing  novel  high-activity  anode  catalyst  with  appro¬ 
priate  anode  structure  for  direct  methanol  oxidation.  The  second 
challenge  is  on  preventing  methanol  crossover.  Methanol  crossover 
is  a  process  in  which  un-reacted  methanol  diffuses  from  the  anode 
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to  the  cathode  through  Nafion  membrane,  and  causes  the  mixed 
potential  effect  and  poisoning  of  Pt  catalyst  at  the  cathode.  As 
a  result,  the  process  significantly  reduces  the  cell  performance  as 
well  as  fuel  utilization,  particularly  for  methanol  concentration 
above  3  M  [4].  Therefore,  it  is  essential  to  reduce  methanol  cross¬ 
over  to  increase  the  efficiency  and  stability  of  DMFC. 

Several  approaches  have  been  proposed  to  reduce  methanol 
crossover  for  DMFC  during  the  last  decade.  The  first  approach 
focused  on  the  development  of  a  novel  membrane  with  low 
methanol  permeability  and  high  proton  conductivity  [7-14],  e.g., 
the  acid-doped  polybenzimidazole  (PBI),  sulfonated-poly(arylene 
ether  ketone)s  (SPAEKs),  sulfonated-poly(ether  sulfone)s  (SPES), 
sulfonated-polyimide  (SPI),  etc.  Among  them,  the  aromatic  poly¬ 
ethers,  which  show  low  methanol  permeability  with  high 
mechanical  and  chemical  stabilities,  are  good  alternative 


C.-H.  Wan,  M.-T.  Lin  /  Journal  of  Power  Sources  222  (2013)  470-476 


471 


candidates  for  Nation  membrane.  The  second  approach  to  reduce 
methanol  crossover  involved  addition  of  second  species  into  the 
Nation  membrane  to  form  Nation-based  composite  membrane, 
such  as  Nation-zirconium  phosphate  [15],  Nation-silica  [16,17], 
Nation-cesium  ions  [18]  and  Nafion-poly(furfuryl  alcohol)  nano¬ 
composite  membrane  [19].  This  approach  can  drastically  reduce 
the  methanol  permeability  with  only  slight  decrease  of  proton 
conductivity.  The  third  approach  was  the  deposition  of  a  Pd  layer  on 
a  proton  exchange  membrane  (PEM)  surface  to  form  a  sandwich 
structure  to  block  the  methanol  crossover  [20,21  ]  at  the  expense  of 
proton  conductivity  of  Nation.  Alternate  approaches  for  reducing 
methanol  crossover  via  various  techniques  to  deposit  a  Pt-based 
catalyst  on  Nation  membrane  were  also  investigated.  In  those 
studies,  the  deposition  of  Pt  nanowires  [22],  a  Pt-Ru  double  layer 
or  a  Pt-Sn  layer  [6,23,24]  as  well  as  the  dispersion  of  nanometer¬ 
sized  Pt  particles  [25]  on  the  Nation  membrane,  were  served  as 
the  inner  catalyst  that  consumed  the  crossed-over  methanol.  It  was 
reported  that  the  methanol  crossover  was  drastically  reduced  due 
to  its  consumption  by  the  inner  catalyst  while  slightly  decreasing 
proton  conductivity. 

Recently,  in  Refs.  [26-31]  coating  of  various  self-assembled 
layers  with  low  methanol  permeability  onto  the  Nation 
membrane  surface  without  sacrificing  proton  conductivity  was 
prepared  by  the  layer-by-layer  (LbL)  technique  to  suppress  meth¬ 
anol  crossover.  LbL  assembly  is  a  multilayer  thin  film  fabrication 
method  that  based  on  sequential  electrostatic  adsorption  of 
oppositely  charged  polyelectrolytes.  The  support  membrane  was 
alternatively  dipped  into  a  solution  of  polycations  and  polyanions 
to  adsorb  the  oppositely  charged  polyelectrolytes  onto  the  surface 
of  membrane.  This  method  is  known  to  well-prepare  the  composite 
membrane  with  an  organized,  dense  and  separate  self-assembled 
layer  of  controlled  thickness  in  the  nanometer  scale  through 
adjusting  assembly  parameters  such  as  the  pH  and  ionic  strength 
[31].  P.  T.  Hammond  et  al.  [32]  had  demonstrated  that  the  LbL 
technique  could  be  used  to  deposit  polyelectrolytes  and  stable 
carbon  colloidal  on  Nation  surface  or  porous  metal  to  form  a  soft 
membrane  electrode  assembly  (MEA).  The  resulted  LbL  electrode, 
poly(diallyldimethyl  ammonium  chloride)/poly  (2-acrylamido-2- 
methyl-1 -propane  sulfonic  acid)/carbon-platinum  assembled  on 
a  porous  stainless  steel  support,  had  open-circuit  voltage  similar  to 
that  of  a  pure  platinum  electrode.  Recently,  they  used  the  LbL 
technique  to  deposit  poly(diallyl  dimethyl  ammonium  chloride) 
(PDAC)/sulfonated  poly(2, 6-dimethyl  1,4-phenylene  oxide)  (sPPO) 
on  Nation  membrane  to  suppress  methanol  crossover  while 
improving  the  conductivity  of  composite  membrane  [26].  The 
results  showed  that  3—5  bi-layers  of  PDAC/s-PPO  could  tremen¬ 
dously  reduce  the  methanol  permeability  down  to  hundredth 
while  improving  performance  up  to  50%  as  compared  to  the 
untreated  Nation.  H.  Deligoz  et  al.  [28]  had  reported  that  the  self- 
assembly  of  poly  (allylamine  hydrochloride)  (PAH)  and  poly¬ 
styrene  sulfonic  acid  sodium  salt  (PSS)  onto  the  Nation  membrane 
reduced  the  methanol  permeability  nearly  27%  as  compared  to  the 
unmodified  Nation.  When  adding  0.01  M  NaCl  to  the  PSS  solution  to 
produce  the  PAH/PSS  multilayers  with  extra  ions  in  the  poly¬ 
electrolyte,  the  resulted  composite  membrane  achieved  39.9% 
reduction  in  methanol  permittivity  and  up  to  2  times  higher  proton 
conductivity  (0.152  S  cm-1)  than  that  of  the  unmodified  Nafion-112 
[33].  Replacing  the  PSS  polyelectrolyte  to  the  polyvinylsulfate 
potassium  salt  (PVS)  with  1.0  M  NaCl  [27],  the  composite 
membrane  with  10  bi-layers  of  PAH/PVS  in  Na+  and  H+  form 
offered  55.1%  and  43.0%  reduction  in  methanol  permittivity  as 
compared  to  the  untreated  Nation,  respectively,  while  the  proton 
conductivities  were  12.4  and  78.3  mS  cm-1.  The  result  demon¬ 
strated  that  methanol  permeability  is  strongly  dependent  on  the 
selection  of  polyelectrolytes. 


This  paper  reports  the  first-ever  effort,  to  our  best  knowledge, 
that  uses  Nation  membrane  surface  self-assembly  with  5  bi-layers 
of  PAH/PSS  with  dispersion  of  Pt35-Ru65  catalyst  particles  via  the 
LbL  technique  to  mitigate  methanol  crossover  and  improve  cell 
performance.  Fig.  1  shows  the  structure  of  PAH/PSS  with  Pt35-Ru65 
catalyst  coated  on  Nation-117  and  the  corresponding  MEA.  In  this 
paper,  the  effects  of  Pt-Ru  catalyst  particles  in  PAH/PSS  self- 
assembled  layer  on  the  suppression  of  methanol  crossover  and 
performance  improvement  are  studied.  The  possible  mechanism  of 
suppression  of  methanol  crossover  is  also  investigated. 

2.  Experimental  details 

PAH  (Mw  =  15,000),  PSS  (Mw  =  70,000),  and  Pt(NH3)4Cl2 
(supplied  from  Aldrich)  and  Ru[Cl(NH3)5]Cl2  (supplied  from  Alfa 
Aesar)  were  used  as  received  without  further  purification.  Nafion- 
117®  (DuPont,  Inc.,  USA)  with  a  nominal  equivalent  weight  of 
1100  g  equiv1  was  used  as  the  polymer  electrolyte  membrane  for 
each  sample.  Prior  to  deposition,  the  membrane  was  subsequently 
treated  in  3.5%  H202  and  0.5  M  H2S04  solution,  and  finally  stored  in 
distilled  water.  Ultrapure-water,  produced  using  a  Milli-Q  SP 
purification  system  from  Nihon  Millipore  Ltd.,  Tokyo,  was  used  in 
all  experiments. 

2.1.  Preparation  ofPt35~Rii65  catalyst  self-assembled  on  Nafion 
surface 

PAH  and  PSS  were  separately  dissolved  in  water  in  a  concen¬ 
tration  of  1CT2  monomol  L-1.  Monomole  represents  1  mol  of 
polyelectrolyte  is  equal  to  the  weight  of  one  repeating  polymer 
unit.  Appropriate  amount  of  Ru[C1(NH3)5]C12  and  Pt  (NH2)4  Cl2  were 
added  into  the  PSS  solution.  The  pH  of  both  the  PSS  and  PAH 
solution  were  adjusted  to  1.8  by  adding  aqueous  HC1.  The  pre¬ 
treated  Nafion  membrane  was  dipped  into  the  PAH  solution  to 
adsorb  the  positively  charged  polyelectrolyte  onto  the  Nafion 
surface.  After  rinsing  with  ultrapure  water,  the  Nafion  membrane 
was  dipped  into  the  PSS  solution  containing  the  Pt  and  Ru  ions  to 
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Fig.  1.  Diagram  of  the  proposed  composite  Nafion  and  corresponding  MEA. 
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deposit  the  negatively  charged  polyelectrolyte  on  the  Nation 
surface.  Dipping  process  was  repeated  until  the  required  5,  or  10, 15 
bi-layers  were  formed.  These  samples  were  denoted  as  PAH/PSS— 
Pt+-Ru+. 

PAH/PSS-Pt+-Ru+  sample  was  placed  into  the  reactor  with 
NaBH4  solution  to  proceed  the  reduction  reactions  at  60  °C  for  1  h. 
In  order  to  obtain  the  fully  proton  forms  of  PAH/PSS  self  assembly 
layer  and  Nation,  the  resulted  sample  was  treated  with  0.50  M 
H2SO4  at  80  °C  for  2  h  to  ion-exchange  the  un-reacted  Pt  or  Ru  ions 
into  the  H+.  The  resulting  sample  is  denoted  as  PAH/PSS-Pt-Ru. 

2.2.  Preparation  of  anode  and  cathode 

Before  screen-printing  a  catalyst  layer  on  the  gas  diffusion  layer 
(GDL),  the  carbon  cloth  (50%  wet  proof)  GDL  was  screen-printed 
a  backing  layer  that  contained  the  carbon  powder  (Vulcan  XC-72) 
and  5%  Nation  solution  (DuPont).  To  produce  the  anode,  catalyst 
ink  consisting  of  aqueous  dispersion  of  Ptso-Ruso  black  (Alfa 
Aesar),  5%  Nation  solution  and  isopropanol  was  screen-printed  on 
GDL  and  Nation  membrane  surface.  The  cathode  was  formed  by 
using  catalyst  ink  that  comprises  aqueous  dispersion  of  40%Pt/C 
(BASF  Fuel  Cell),  5%  Nation  solution  and  isopropanol.  The  resulted 
loadings  for  anode  and  cathode  were  3.00  mg  cm-2  and 
3.50  mg  cm-2,  respectively. 

2.3.  Characterization  of  PAH/PSS  self-assembly  layer  containing 
Pt35~RU65 

PAH/PSS  self-assembled  on  Nation  membrane  was  determined 
using  the  UV-visible  spectroscopy  (Jasco,  V570)  with  scanning  rate 
of  400  nm  min-1  from  200  nm  to  500  nm.  The  un-treated  Nation 
membrane  was  used  as  the  reference.  The  surface  morphology, 
composition  of  deposited  Pt-Ru  layer  and  thickness  of  PAH/PSS  bi¬ 
layers  were  characterized  by  a  field  emission  scanning  electron 
microscope,  FESEM  (JEOLJSM-6700F),  with  an  energy-dispersive 
spectrometer,  EDS  (OXFORD  INSTRUMENTS,  INCAx-sight  7557). 
Electron  probe  micro-analysis,  EPMA  (JEOL,  JXA-8500F)  was 
adopted  to  further  confirm  the  compositions  of  deposited  Pt-Ru 
layers.  The  PANalytical  X-ray  diffractometer  X’Pert  Pro  using  CuKa 
radiation  source  operating  at  40  kV  and  30  mA  was  used  to 
investigate  the  X-ray  diffraction  (XRD)  patterns  of  the  PAH/PSS- 
Pt-Ru  samples  and  the  alloy  phase  of  the  deposited  layer.  Proton 
conductivities  of  PAH/PSS-Pt-Ru  samples  were  determined 
through  two  probes  AC  method  [28]  using  an  impedance  analyzer 
(EG&G  model  5210  lock  in  amplifier).  The  membrane  was  cut  in 
3.50  cm  x  3.50  cm  dimensions  and  impedance  measurements  were 
performed  in  97%  RH  at  55  °C.  In-plane  (lateral)  proton  conduc¬ 
tivities  (a)  were  calculated  by  using  the  equation  shown  below. 

(7  =  l/RhA 

Where  <7,  proton  conductivity  of  membrane  (S  cm-1),  l ,  thickness  of 
membrane  or  distance  between  the  two  electrodes  (cm),  A,  elec¬ 
trode  area  (cm2),  Rb,  resistance  of  membrane. 

The  Rb  values  of  Nafion-117  and  PAH/PSS-Pt-Ru  samples  were 
0.2697  Q  and  0.5803  Q,  respectively.  These  values  were  obtained 
through  fitting  of  the  curves  shown  in  Fig.  9  using  appropriate 
simulated  circuit.  The  l  in  this  study  was  183  x  10-4  cm,  which  was 
the  thickness  of  Nafion-117,  and  electrode  area  (A)  was  5.309  cm2. 

2.4.  Preparation  and  evaluation  ofMEA 

The  anode,  PAH/PSS-Pt-Ru  sample  and  cathode  were  placed  at 
the  position  as  shown  in  Fig.  1.  Hot-pressing  the  sandwich  structure 
with  a  pressure  of  4  MPa  at  139  °C  for  90  s  formed  the  MEAs,  which 


was  denoted  as  MEA- PAH/PSS-Pt-Ru.  In  order  to  compare  the 
mitigation  of  methanol  crossover  and  performance,  we  prepare 
a  new  MEA,  denoted  as  normal-MEA,  which  comprises  the  Nation 
membrane  without  any  coating  and  having  identical  anode  and 
cathode  as  that  of  MEA-PAH/PSS-Pt-Ru. 

The  MEAs  were  tested  in  a  single  cell  test  fixture  (5  cm2), 
supplied  by  Electrochem  Inc.,  USA,  with  serpentine  flow  pattern  on 
graphite  plates.  2  M  of  methanol  as  anode  fuel  and  dry  oxygen  gas 
as  cathode  fuel  were  fed  into  the  anode  and  cathode  with  a  flow 
rate  of  1  ml  min-1  and  400  seem,  respectively. 

According  to  the  results  of  H.  T.  Liu  [34],  the  CO2  concentration 
detected  at  the  cathode  exhaust  were  directly  related  to  the 
amount  of  methanol  crossover.  This  was  because  most  crossed-over 
methanol  reaching  the  cathode  reacted  with  oxygen  and  turned 
into  CO2,  and  only  a  very  small  portion  became  the  intermediate 
product  CHxOy  and  CO  [9,35].  The  reaction  equation  at  the  cathode 
[9]  is  as  below, 

2CH3OH  +  302  — >2C02  +  4H20 

The  cathode  exhaust  may  include  liquid  water  (H20(Q),  water 
vapor  (H20(v)),  methanol  vapor  (CHsOH(v)),  liquid  methanol 
(CH3OH(/)),  oxygen  (02),  carbon  dioxide  (C02),  carbon  monoxide 
(CO),  and  CHxOy.  An  ice- trap  was  placed  before  the  C02  sensor  to 
trap  water  and  methanol  vapor  for  each  experiment.  The  amount  of 
collected  methanol  in  an  ice-trap  and  the  amount  of  crossed-over 
methanol  reacted  to  form  CHxOy  and  CO  is  negligible  in  our 
experiment,  verified  by  the  gas  chromatography  method.  There¬ 
fore,  the  rate  of  methanol  crossover  can  be  accurately  determined 
through  measuring  C02  concentration  at  cathode  exhaust  via  C02 
sensor.  All  C02  concentration  remained  steady  after  20  min  into  the 
test.  The  output  current,  voltage  and  the  C02  concentrations  were 
measured  when  the  C02  concentration  remained  steady  after 
40  min. 

3.  Results  and  discussions 

3.1.  Characterization  of  PAH/PSS  bi-layers  containing  Pt-Ru 

Fig.  2  shows  the  UV— visible  spectra  of  PAH/PSS— Pt+— Ru+ 
sample.  The  diamond  and  square  symbols  represent  the  self- 
assembly  of  5  and  10  bi-layers  of  PAH/PSS  on  the  Nation 
membrane  surface,  respectively.  According  to  S.P.  Jiang  and 
coworkers  [31],  the  sodium  salt  of  polystyrene  sulfonic  acid  in  PSS 
was  found  at  the  characterized  wavelength  of  228  nm.  In  Fig.  2,  we 
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Fig.  2.  UV-visible  profiles  for  PAH/PSS-Pt+-Ru+  samples. 
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observe  strong  absorbance  at  330  nm  and  a  very  weak  absorbance 
at  228  nm.  The  absorbance  at  330  nm  is  most  likely  related  to  the 
characterized  wavelength  of  Ru  ions  [36].  However,  the  character¬ 
ized  wavelength  of  Pt  ions  at  202  nm  or  214  nm  [37]  was  not  found. 
Rather,  the  existence  of  Pt  was  confirmed  by  the  XRD  patterns  of 
this  sample  in  the  reduction  form  (as  shown  below).  Consequently, 
the  sodium  salt  in  the  polystyrene  sulfonic  acid  is  almost 
completely  replaced  by  Ru  and  Pt  ions.  Since  the  PAH  is  transparent 
in  the  UV-visible  spectral  range,  the  increase  in  the  absorbance  is 
ascribed  to  the  deposition  of  PSS  on  the  deposited  layer.  Therefore, 
the  10  PAH/PSS  bi-layers  show  a  higher  absorbance  at  330  nm  than 
the  5  PAH/PSS  bi-layers.  The  linear  increase  of  absorbance  at 
330  nm  indicates  a  regular  growth  of  the  deposited  layer.  After 
reduced  with  NaBH4,  the  UV-visible  profile  of  this  sample  is  shown 
in  Fig.  3.  The  absorbance  at  330  nm  disappeared  and  the  sample 
showed  a  brown  color,  indicating  that  Ru  and  Pt  ions  were  being 
reduced  to  produce  the  Ru  and  Pt  metal. 

XRD  patterns  of  the  PAH/PSS-Pt— Ru  samples  and  Nafion-117 
measured  at  X-ray  incident  angle  of  1°  are  shown  in  Fig.  4. 
Comparing  with  the  XRD  patterns  of  Nafion-117  (as  shown  in 
Fig.  4(a)),  there  are  no  significant  differences  between  the  PAH/ 
PSS-Pt-Ru  sample  with  5  bi-layers  and  Nation  membrane  except 
the  peak  shows  a  0.35°  shift  toward  higher  value.  However,  the  XRD 
patterns  of  PAH/PSS-Pt-Ru  samples  with  10  and  15  bi-layers  of 
PAH/PSS  show  sharp  peaks  at  40.35°,  46.85°,  68.25°  and  82.05°.  In 
order  to  verify  the  existence  of  Pt  element  and  alloy  phase,  we 
prepare  a  PAH/PSS-Pt  sample  (10  bi-layers)  that  fabricated  by  the 
same  conditions  with  PAH/PSS-Pt— Ru  sample  except  the  Pt  ion  is 
only  exchanged  in  the  PSS.  Fig.  4(e)  shows  the  XRD  pattern  of  PAH/ 
PSS— Pt  sample.  The  peaks  located  at  39.80°,  46.34°,  67.69°  and 
81.55°  correspond  to  Pt(lll),  Pt(200),  Pt  (220),  Pt(311)  faces,  indi¬ 
cating  the  existence  phase  is  a  Pt  element.  Since  only  Pt  and  Ru  ions 
present  in  the  PAH/PSS  bi-layers,  one  should  only  perform  the  XRD 
patterns  of  this  two  elements  after  the  reduction  reaction.  Conse¬ 
quently,  PAH/PSS— Pt—Ru  samples  have  peak  positions  similar  to 
that  of  the  PAH/PSS-Pt,  i.e.  40.35°,  46.85°,  68.25°  and  82.05°, 
suggesting  the  existence  of  Pt  element  in  these  samples.  The  result 
of  EDS  further  confirms  the  existence  of  Pt  element  in  the  PAH / 
PSS-Pt-Ru  samples.  Due  to  the  absence  of  the  characterized 
peak  for  Ru  element  at  the  peak  position  of  Pt( 111 )  face,  the  Pt(lll ) 
face  peak  at  39.80°  is  chosen  as  the  reference  peak  to  confirm  the 
existence  of  alloy  phase  by  comparing  the  lattice  constants 
between  the  pure  Pt  and  the  obtained  Pt-Ru  sample.  Bragg’s 
equation  yields  a  lattice  constant  of  3.920  A  for  pure  Pt  and  3.855  A 
for  the  obtained  Pt-Ru  sample.  The  lattice  constant  of  the  PAH/ 
PSS-Pt-Ru  sample  is  clearly  smaller  than  that  of  the  PAH/PSS-Pt 


Fig.  3.  UV-visible  profiles  for  PAH/PSS-Pt-Ru  samples. 
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Fig.  4.  XRD  patterns  of  PAH/PSS-Pt-Ru,  PAH/PSS-Pt  and  Nafion-117  membrane. 

sample,  suggesting  that  the  deposited  layer  in  the  PAH/PSS  self- 
assembly  membrane  is  a  Pt-Ru  alloy.  The  substrate  effect  of  the 
GID  method  prevents  the  determination  of  the  composition  of  the 
thin  film  from  the  lattice  parameters  derived  from  the  XRD.  On  the 
other  hand,  EPMA  provides  accurate  measurement  of  the  atomic 
ratio  of  thin  film,  and  is  applied  to  determine  the  composition  of 
the  thin  film.  The  EPMA  result  (an  average  over  25  sampling  points) 
demonstrates  that  the  atomic  ratio  of  Pt  to  Ru  is  35:65.  The  EDS 
results  (an  average  over  5  sampling  surfaces)  further  confirm  this 
atomic  ratio.  Therefore,  the  PAH/PSS-Pt-Ru  sample  with  5  bi¬ 
layers  presents  the  Pt35-Ru65  alloy  phase.  The  grain  size  of  this 
sample,  calculated  using  Debye-Scherrer  equation  with  the  XRD 
data  in  Fig.  4,  is  nearly  12  nm  -  indicating  the  Pt35-Ru6s  catalyst  is 
in  nanometer-sized  scale. 

Fig.  5  shows  the  cross-sectional  view  of  PAH/PSS— Pt—Ru  sample 
with  30  bi-layers.  Two  different  morphologies  are  observed  and  the 
upper  layer  measures  a  thickness  of  525  nm.  The  result  of  EDS  line 
scanning  indicates  the  upper  layer  contains  nitrogen,  carbon, 
hydrogen,  Pt  and  Ru  elements  but  not  the  fluoride  element.  Obvi¬ 
ously,  upper  layer  is  the  PAH/PSS  bi-layer  which  owns  the  thickness 
of  525  nm.  Therefore,  the  average  thickness  of  a  PAH/PSS  bi-layer  is 
17.5  nm  and  the  thickness  for  5  PAH/PSS  bi-layers  is  87.5  nm.  It 
means  that  the  5  bi-layers  of  PAH/PSS-Pt-Ru  sample  have  the  self- 


Fig.  5.  Cross-sectional  SEM  view  of  PAH/PSS-Pt-Ru  sample  with  30  bi-layers. 
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assembled  PAH/PSS  layer  with  a  thickness  of  87.5  nm,  consisting  of 
Pt35-Ru65  catalyst  on  both  sides  of  Nation  membrane  surface.  The 
loading  of  Pt35-Ru65  alloy  in  5  PAH/PSS  bi-layers  is  0.46  pg  cm-2, 
determined  using  the  TGA  method  [6]. 

Fig.  6  presents  the  cyclic  voltammograms  (CV)  profile  for  5  bi¬ 
layers  of  PAH/PSS— Pt—Ru  sample  measured  in  a  solution  of 
0.50  M  methanol  and  0.50  M  H2S04  at  a  scanning  rate  of  50  mV  s-1. 
A  small  peak  of  methanol  oxidation  was  found  at  the  potential 
range  of  0.38-0.84  V  when  carefully  examined.  The  peak  current 
density  at  0.65  V  is  2.5  x  1CT3  mA  cm-2  (5.43  A  g-1).  This  result 
indicates  that  the  Pt35-Ru65  deposited  in  the  PAH/PSS  bi-layers  can 
oxidizes  methanol  and  functions  like  a  catalyst  and  an  electrode 
with  even  a  small  amount  of  0.46  pg  cm-2. 

3.2.  Methanol  crossover  and  performance 

Fig.  7  shows  the  C02  concentration  measured  at  the  cathode 
exhaust  varies  with  according  to  the  current  density  of  MEA-PAH/ 
PSS-Pt-Ru  (5  bilayer)  and  normal-MEA  at  80  °C,  respectively.  The 
diamond  and  square  symbols  represent  the  normal-MEA  and 
MEA-PAH/PSS-Pt— Ru,  respectively.  The  C02  concentrations  of 
both  MEAs  decrease  with  increasing  current  density.  This  is 
because  the  methanol  crossover  is  a  combination  of  diffusion  part 
(-DAc/t)  and  proton  drag  part  ((Am/nF)J)  [34]  (the  permeation 
caused  by  the  pressure  difference  is  negligible  since  the  operating 
pressure  on  both  sides  are  equal).  At  80  °C,  the  diffusion  part 
decreases  with  increasing  current  density  because  the  methanol 
concentration  in  the  anode  catalyst  layer  decreases  with  increasing 
current  density.  Furthermore,  the  proton  drag  part  decreases  with 
increasing  current  density  because  Am  is  proportional  to  the 
methanol  concentration  at  the  interface  between  the  electrolyte 
membrane  and  anode  catalyst  layer,  which  decreases  with 
increasing  current  density.  Therefore,  the  methanol  crossover  rate 
of  MEA-PAH/PSS-Pt-Ru  decreases  with  increasing  current 
density,  which  has  similar  trends  as  normal-MEA,  despite  having 
additional  5  PAH/PSS  bi-layers  with  Pt35-Ru65  catalyst  on  Nation 
surface. 

In  Fig.  7,  the  C02  concentrations  of  MEA-PAH/PSS— Pt—Ru  are 
lower  than  that  of  the  normal-MEA  by  22%  (on  average).  Fig.  8 
presents  the  polarization  curves  of  both  MEAs  operated  at  80  °C. 
The  open  circuit  voltage  (OCV)  of  normal-MEA  is  0.64  V,  while  the 
OCV  of  MEA-PAH/PSS-Pt-Ru  is  0.68  V.  It  is  known  that  the  OCV  of 
DMFC  increases  with  the  occurrence  of  mitigation  of  methanol 
crossover  [6,38].  Therefore,  the  increment  of  OCV  of  0.04  V  for 


Potential/  V 

Fig.  6.  CV  profile  for  PAH/PSS-Pt-Ru  sample  with  5  bi-layers.  (Testing  in  0.50  M 
CH3OH  and  0.50  M  H2S04  solution  at  25  °C). 


Current  density/  mA  cm'2 


Fig.  7.  C02  concentrations  measured  at  cathode  exhaust  vs.  current  density  for  MEA- 
PAH/PSS-Pt-Ru,  MEA-PAH/PSS  and  normal-MEA  at  80  °C.  (Anode  fuel:  2  M  methanol 
(1  ml  min-1);  cathode  fuel:  02  (400  seem);  membrane:  Nafion-117). 

MEA-PAH/PSS— Pt—Ru  is  attributed  to  the  mitigation  of  methanol 
crossover  caused  by  the  self-assembled  PAH/PSS  layer  with  Pt35— 
RU65  catalyst  on  Nation  membrane  surface,  which  is  consistent 
with  the  result  in  Fig.  7. 

Fig.  8  demonstrates  that  the  cell  performance  of  MEA-PAH/ 
PSS-Pt-Ru  is  better  than  that  of  normal-MEA.  Comparing  the 
power  density  (@0.30  V)  and  potential  (@62.5  mA  cm-2)  between 
the  MEA-PAH/PSS— Pt—Ru  and  normal-MEA,  the  power  density 
and  potential  gains  are  up  to  48%  and  22%  for  MEA-PAH/PSS-Pt- 
Ru,  respectively.  It  suggests  that  the  existence  of  PAH/PSS  bi-layers 
with  Pt35-Ru65  catalyst  on  Nation  surface  does  suppress  the 
methanol  crossover  and  improve  the  cell  performance  significantly. 

In  order  to  clarify  the  effect  of  Pt35-Ru65  catalyst  in  PAH/PSS 
self-assembly  layer,  we  prepare  a  new  MEA,  denoted  as  MEA-PAH/ 
PSS,  consisting  of  only  self-assembly  PAH/PSS  bi-layers  (5  bi-layers) 
on  Nation  surface  with  identical  anode  and  cathode  as  the  MEA- 
PAH/PSS-Pt-Ru.  Fig.  7  shows  that  the  C02  concentration  of 
MEA-PAH/PSS  is  about  15%  lower  than  that  of  normal-MEA.  In 
Fig.  8,  the  OCV  of  MEA-PAH/PSS  is  0.66  V,  which  is  higher  than  that 
of  normal-MEA  by  0.02  V.  However,  the  output  cell  performance 
(based  on  the  potential  gain)  of  MEA-PAH/PSS  is  lower  than  that  of 
normal  MEA  by  about  6%.  These  results  suggest  that  the  presence  of 
PAH/PSS  self-assembly  layer  on  Nation  surface  does  mitigate  the 
methanol  crossover  and  also  decrease  the  cell  performance  due  to 
the  increase  of  proton  transfer  resistance.  It  is  consistent  with  the 
result  of  Deligoz  [28]  as  the  existence  of  PAH/PSS  self-assembly 
layer  reduces  the  methanol  permeability  at  the  expense  of  the 


Fig.  8.  Polarization  curves  and  power  density  of  MEA-PAH/PSS-Pt-Ru,  MEA-PAH/ 
PSS  and  normal-MEA  at  80  °C.  (Anode  fuel:  2  M  methanol  (1  ml  min-1);  cathode  fuel: 
02  (400  seem);  membrane:  Nafion-117). 
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proton  conductivity  of  Nation  membrane.  Comparing  the  CO2 
concentration  and  output  cell  performance  between  the  MEA— 
PAH/PSS  and  MEA-PAH/PSS-Pt-Ru,  the  MEA-PAH/PSS-Pt-Ru 
shows  7%  lower  CO2  concentration  than  the  MEA— PAH/PSS  and 
the  output  cell  performance  is  better  than  that  of  normal  MEA 
(power  density  improvement  of  48%  @0.30  V;  potential  gain  of  22% 
@62.5  mA  cm-2)  and  MEA-PAH/PSS.  Since  the  only  difference 
between  MEA-PAH/PSS  and  MEA-PAH/PSS-Pt-Ru  is  the  Pt3s— 
RU65  in  PAH/PSS  self-assembly  layer,  the  improvement  of  cell 
performance  and  mitigation  of  methanol  crossover  are  related  to 
the  existence  and  reaction  of  Pt35-Ru65  catalyst  in  PAH/PSS. 

The  most  probable  mechanism  through  which  can  explain  the 
above  results  is  the  deposited  Pt35  RU65  catalyst  in  the  PAH/PSS  bi¬ 
layers  reacts  with  the  crossed-over  methanol  and  produces  elec¬ 
trons,  protons  and  CO2,  i.e.  CH3OH  +  H20  -►  CO2  +  6e_  +  6H+.  This 
will  reduce  the  amount  of  methanol  crossover  and  mixed  potential 
effect  at  the  cathode.  Furthermore,  due  to  the  nanometer-sized 
thickness  of  deposited  Pt35-Ru65  catalyst  in  PAH/PSS  bi-layers, 
the  anode  Ptso-Ruso  catalyst  layer  will  be  embedded  into  the 
PAH/PSS  bi-layers  through  the  formation  of  MEA  by  hot-pressing 
process.  This  provides  the  electrons  a  transfer  media  to  the 
external  circuit.  It  means  that  the  electrons  that  produced  by  the 
reaction  of  crossed-over  methanol  over  the  deposited  Pt3s-Ru65  in 
the  PAH/PSS  bi-layers  can  be  transferred  to  the  external  circuit 
through  the  embedded  anode  catalyst  layer,  offering  extra  electrons 
to  the  external  circuit.  The  protons  that  produced  by  the  reaction  of 
crossed-over  methanol  are  conducted  to  the  cathode  via  the  PAH/ 
PSS  and  Nation  membrane,  and  provide  extra  current.  Moreover, 
the  Nafion-117  consisting  of  5  PAH/PSS  bi-layers  shows  lower 
methanol  permeability  compared  to  that  of  the  un-modified 
Nafion-117,  i.e.  4.88  x  10“7  vs.  6.04  x  10“7  cm2  s^1  at  30  °C  [28], 
The  effect  of  pore  plugging  of  the  membrane  [38]  by  the  Pt3s-Ru65 
deposition  on  the  PAH/PSS  bi-layers  also  contributed  to  the  miti¬ 
gation  of  methanol  crossover.  However,  the  deposition  of  5  PAH/ 
PSS  bi-layers  with  Pt35-Ru65  catalyst  on  the  Nation  surface  reduces 
the  proton  conductivity  of  Nafion-117  from  12.78  to  5.94  mS  cm-1 
at  55  °C  (as  shown  in  Fig.  9).  This  indicates  that  the  presence  of 
PAH/PSS  bi-layers  with  Pt35-Ru65  catalyst  on  Nation  membrane 
increases  the  resistance  of  membrane  and  reduces  the  cell  perfor¬ 
mance.  In  fact,  the  output  power  density  and  potential  have  been 
improved  at  80  °C  by  48%  (@0.30  V)  and  22%  (@62.5  mA  cm-2)  (as 
shown  in  Fig.  8),  respectively.  The  evidence  supports  the  inference 
that  the  performance  improvement  caused  by  the  reduction  of 
mixed  potential  effect  and  the  extra  current  produced  by  the 
deposited  Pt35-Ru65  in  the  PAH/PSS  bi-layers  are  higher  than  the 


Fig.  9.  Nyquist  plots  of  PAH/PSS-Pt-Ru  sample  with  5  bi-layers  and  Nafion-117. 


performance  reduction  resulted  from  the  decrease  of  proton 
conductivity.  Therefore,  the  5  PAH/PSS  bi-layers  with  Pt35-Ru65 
catalyst  self-assembled  on  both  sides  of  the  Nation  surface  func¬ 
tion  as  a  methanol  filter  and  a  barrier  that  reacts  and  blocks  the 
crossed-over  methanol.  The  proposed  mechanism  is  shown  in 
Fig.  10. 

In  order  to  verify  the  above  inference,  we  compare  the  reduction 
of  methanol  crossover  current  and  the  actual  output  current 
increment  between  the  MEA— PAH/PSS— Pt—Ru  and  normal-MEA. 
The  methanol  crossover  current  is  defined  as  the  equivalent 
current  that  produced  by  the  crossed-over  methanol,  calculate 
using  the  below  equation  from  the  CO2  data  (based  on  the  reaction 
equation:  2  CH3OH  +  302  ->  2CO2  +  4H20)  in  Fig.  7. 

J(CH3OH)  =  QXco2  p/ 5(1.036  X  10“4)j?T 

Where  J(CH3OH),  the  methanol  crossover  current  (mA  cm-2),  Q, 
cathode  flow  rate  Q.  =  Qco2  +  Q02  +  Qh2o  (seem),  XCo2,  carbon 
dioxide  concentration  at  cathode  exit  (ppm  x  10-6),  Qo2 ,  oxygen 
flow  rate  (seem),  Qco2,  carbon  dioxide  flow  rate  (seem),  Qh2o>  water 
vapor  flow  rate  (seem),  P,  pressure  at  cathode  exit  (atm),  R,  gas 
constant,  T,  temperature  in  K  at  the  CO2  sensor  position. 

Calculation  of  methanol  crossover  current  at  the  current  density 
of  62.5  mA  cm-2  yields  a  reduction  of  methanol  crossover  current 
of  40.6  mA  cm-2  for  MEA-PAH/PSS-Pt-Ru.  In  contrast,  the  output 
current  density  measured  from  polarization  curves  of  MEA-PAH/ 
PSS-Pt-Ru  at  0.30  V  is  92.6  mA  cm-2,  which  yields  an  increment 
of  30.1  mA  cm-2  when  compared  to  the  normal-MEA 
(62.5  mA  cm-2  @0.30  V).  This  indicates  that  the  amount  of  reduc¬ 
tion  of  methanol  crossover  current  almost  completely  transferred 
to  the  output  current  density  (30.1  mA  cm-2),  and  only  a  small 
amount  of  crossover  current  (10.5  mA  cm-2)  is  consumed  by  the 
increased  resistance.  It  means  that  the  performance  improvement 
is  greater  than  the  performance  reduction  caused  by  the  reduced 
proton  conductivity.  This  analysis  supports  the  above  inference. 

To  study  the  stability  of  MEA-PAH/PSS-Pt-Ru,  continuous 
operation  of  this  MEA  under  the  conditions  similar  to  that 
described  in  the  experimental  sections  was  performed  and  moni¬ 
tored  for  two  months.  As  shown  in  Figs.  7  and  8,  the  suppression  of 
methanol  crossover  and  cell  performance  remains  unchanged.  The 
result  indicates  that  the  additional  PAH/PSS  self-assembly  bi-layers 
containing  Pt3s-Ru65  is  stable  after  2  months  of  continuous  tests. 

Note  that  there  are  significant  differences  between  the  structure 
of  proton  exchange  membrane  (PEM)  in  this  study  and  the 


A=  GDL 

B=  Catalyst  Layer  (Anode:  Pt5o-Ru5o;  Cathode:  Pt/C) 

C=  Pt35-Ru65  catalyst  deposited  on  the  PAH/PSS  bi-layers 
— ►  Crossed-over  methanol 

Fig.  10.  Diagram  of  the  proposed  mechanism  of  mitigation  of  methanol  crossover  for 
Nation  surface  self-assembled  with  5  PAH/PSS  bi-layers  consisting  of  Pt35-Ru65 
catalyst. 
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structure  of  PEM  in  the  previous  study  developed  by  our  laboratory 
[6].  As  mentioned  above,  the  PEMs  reported  in  this  study  have 
a  layer  of  nanometer-sized  Pt35— Ru65  catalyst  deposited  in  the  PAH/ 
PSS  bi-layers  on  both  sides  of  Nafion-117.  In  contrast,  the  PEMs  in 
previous  study  have  a  layer  of  nanometer-sized  Pt37-Ru63/Pt  or 
Pt37-Ru63/Pt2o-Ru8o  particles  directly  deposited  on  the  surface  of 
PEM  anode.  Furthermore,  the  loading  and  thickness  of  the  depos¬ 
ited  Pt35— Ru65  catalyst  in  this  study  is  smaller  and  thinner  than  that 
of  the  previous  study,  i.e.  0.46  pg  cm-2  vs.  0.52  mg  cm-2  and 
87.5  nm  vs.  3.0  pm.  Finally,  the  nanometer-sized  catalyst  in  this 
study  is  Pt35-Ru65  catalyst  as  opposed  to  a  highly  concentrated 
double  Pt37-Ru63/Pt2o-Rugo  or  Pt37-Ru63/Pt  particles  catalyst 
layers  in  the  previous’  PEM.  There  is  a  significant  performance 
improvement  of  22%  in  this  study  as  opposed  to  the  18%  in  the 
previous  study  although  only  0.46  pg  cm-2  of  Pt35-Ru65  catalyst  is 
used.  The  performance  improvement  is  mainly  due  to  the  lesser 
and  thinner  deposited  Pt-Ru,  and  the  deposition  of  Pt-Ru  catalyst 
in  the  additional  PAH/PSS  layer  without  sacrificing  the  proton 
conductivity  of  Nation.  These  effects  reduce  the  resistance  caused 
by  the  deposition  of  Pt-Ru  catalyst  onto  the  Nation  membrane 
compared  to  the  Pt-Ru  directly  deposited  on  the  surface  of  PEM 
anode  in  the  previous  study. 

4.  Conclusions 

Nanometer-sized  Pt35-Ru65  catalyst  with  layer  thickness  of 
87.5  nm  have  been  successfully  self-assembled  through  5  PAH/PSS 
bi-layers  onto  both  side  of  Nation  surface  using  the  LbL  technique 
under  the  designed  experimental  conditions.  The  layer  thickness  of 
Pt35-Ru65  catalyst  is  determined  by  the  number  of  deposited  PAH/ 
PSS  layers  and  the  concentrations  of  Pt  and  Ru  ions  in  PSS  solution. 
This  composite  Nation  membrane  with  Pt35-Ru65  loading  of 
0.46  pg  cm-2  could  suppress  methanol  crossover  by  22%  (on 
average)  and  improve  power  density  as  well  as  the  potential  by  48% 
(@0.30  V)  and  22%  (@62.5  mA  cm-2)  at  80  °C,  respectively.  This  is 
because  the  Pt35-Ru65  catalyst  in  PAH/PSS  has  the  capability  to 
oxidize  the  crossed-over  methanol  and  functions  like  an  electrode 
and  methanol  filter.  It  is  believed  that  the  crossed-over  methanol 
flows  through  the  Pt35-Ru65  catalyst  in  PAH/PSS  to  produce  elec¬ 
trons,  protons  and  CO2.  The  produced  electrons  are  conducted  to 
the  external  circuit  through  the  embedded  anode  Ptso-Ruso  cata¬ 
lyst  layer,  while  the  protons  are  transferred  to  the  cathode  via  the 
PAH/PSS  and  Nation  membrane.  These  provide  extra  current  to  the 
external  circuit.  Furthermore,  both  the  reaction  of  crossed-over 
methanol  over  Pt35-Ru65  catalyst  and  the  introducing  of  low 
methanol  permeability  of  PAH/PSS  layer  reduce  the  amount  of 
crossed-over  methanol  and  mixed  potential  effect  at  the  cathode. 
As  a  result,  it  mitigates  the  methanol  crossover  and  improves  the 
performance  although  the  deposition  of  Pt35-Ru65  and  PAH/PSS  bi¬ 
layers  on  Nation  decreases  the  proton  conductivity.  Due  to  the 
lesser  and  thinner  deposited  Pt35-Ru65  and  the  Pt35-Ru65  layer 
deposited  in  the  additional  PAH/PSS  layer  without  sacrificing  the 
proton  conductivity  of  Nation  membrane,  the  performance 
improvement  obtained  is  22%  in  this  study  as  opposed  to  the  18%  in 
the  previous  study  although  only  0.46  pg  citT2  of  Pt35-Ru65  cata¬ 
lyst  with  layer  thickness  of  87.5  nm  is  used. 
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